Tunable emission in the near infrared is demonstrated on a silicon platform. The building blocks for the tunable light sources consist of porous silicon microcavities infiltrated with erbium doped nematic liquid crystals. Erbium ions are the luminescence source, porous silicon microcavities narrow the emission band, and liquid crystals enable tuning of the peak wavelength. Greater than 10 dB attenuation is achievable by thermal actuation with microcavities having a Q factor of 200. The bandwidth of the tunable emission is limited by the liquid crystal birefringence.
Erbium luminescence near 1.54 m and the incorporation of erbium into other materials have been intensely studied over the past two decades.
1-3 Not only does the nearinfrared emission correspond to the window for maximum transmission in silica-based fibers but it also falls in the region of low absorption in silicon. Erbium doped silicon devices are likely to be a key factor for on-chip optical interconnect technology and other optoelectronic applications due to the integration of electrical and optical functions on a single platform. Erbium serves as a gain medium for light amplification in the optical domain, which can be used to produce light sources or possibly as a means to create lossless modulators.
Several techniques have been used to incorporate erbium into silicon, including ion implantation, solid phase epitaxy, molecular beam epitaxy, chemical vapor deposition, and ionbeam epitaxy. 4 In this work, we take the approach of doping a secondary material, which is then introduced into silicon. Erbium is incorporated into a nematic liquid crystal mixture, which is then infiltrated into a porous silicon microcavity. Erbium doping of porous silicon microcavities has been previously reported by using ion implantation to selectively dope the cavity layer and by electrochemically doping the entire microcavity. 5, 6 Porous silicon microcavities are formed by electrochemical etching of highly doped p-type silicon wafers in ethanoic hydrofluoric acid.
7 Figure 1 shows a scanning electron microscopy ͑SEM͒ image of a porous silicon microcavity. The distinct layers are created by changing the applied current density during the etching. After formation, the porous silicon microcavities are oxidized in a tube furnace at 850°C for approximately 10 min.
In order to enable tunable light source applications, erbium doped liquid crystals are infiltrated into the porous silicon microcavities under vacuum. 8 The erbium ions provide emission near 1.55 m, which corresponds to the microcavity resonance wavelength after liquid crystal infiltration. The E7 liquid crystals facilitate tuning of the erbium emission spectrum based on an electrically or thermally induced refractive index change.
9 Figure 2 shows the porous silicon microcavity resonance measured in reflection after anodization, oxidation, and infiltration with erbium doped liquid crystals. Loading of the erbium ions into the liquid crystals is accomplished as follows. Anhydrous erbium chloride is mixed with the E7 liquid crystals and subsequently inserted into a sonication bath operating at approximately 15-20 kHz. Under the influence of ultrasound and associated local heating, the erbium compound is homogeneously dispersed within 4.5 h. The erbium binds in a dynamic environment, undergoing coordination shell expansion and partial substitution of Cl − with the cyano groups terminating the liquid crystals. In the specific experiments reported here, the as-prepared molar ratio of erbium ions to liquid crystal molecules is either ϳ1 : 100 or 1:300, and it is likely that 7-12 liquid crystal molecules are linked to each erbium ion. 10 For this liquid crystal, the former case represents a saturated a͒ Electronic mail: sharon.weiss@vanderbilt.edu FIG. 1. SEM image of porous silicon microcavity. Low ͑bright͒ and high ͑dark͒ porosity layers are formed by changing the applied current density during electrochemical etching. The estimated refractive indices of the layers are 2.16 ͑50% porosity͒ and 1.44 ͑75% porosity͒ before liquid crystal infiltration. After infiltration, the estimated refractive indices of the layers increase to approximately 2.26 ͑50% porosity͒ and 1.64 ͑75% porosity͒.
amount of Er 3+ , as evidenced by precipitation of unreacted ErCl 3 and a light pink appearance of the liquid crystal solution, which indicates the presence of Er 3+ ions in the mixture. The Er-doped liquid crystal solutions are hygroscopic but are stable for a few weeks if stored in a desiccator. Prior to porous silicon infiltration, any unreacted, undissolved ErCl 3 is separated from Er doped E7 samples via 1 h centrifugation. In this concentration range, the Er 3+ emission intensity at 1.54 m is not strongly dependent on Er 3+ concentration, i.e., the deleterious effects of self-quenching are minimal. Importantly, this straightforward process for rare earth incorporation into liquid crystals creates a convenient matrix for tunable emission and is consistent with literature methods involving erbium and ytterbium complex loading into the liquid crystal MBBA.
11
Reflectance measurements are performed using a fiber coupled xenon arc lamp and an optical spectrum analyzer. The reflected light is coupled into a gradient refractive index ͑GRIN͒ lens to minimize the collection angle. Photoluminescence ͑PL͒ is measured with a 4ϫ microscope objective and liquid nitrogen cooled germanium detector using the 488 nm Ar + line as the excitation source. During the PL measurements, the microcavities are heated by passing current through two resistors attached to the back of an aluminum plate onto which the porous silicon microcavities are mounted. A thermistor is used to determine the temperature.
Tunable PL from the porous silicon microcavities infiltrated with erbium doped E7 liquid crystals is shown in Fig.  3 . In Fig. 3͑a͒ , the shift of the PL peak wavelength with temperature is compared to the E7 ordinary refractive index change with temperature. 12 It is believed that the confined geometry of the porous silicon pores and surface anchoring strongly affect the behavior of the liquid crystals as they transition from the nematic to isotropic state. 13 While it has been reported that highly doping a liquid crystal alters the phase transition temperature of the liquid crystals, the erbium doping levels used in this work are too low to impact the phase transition temperature. 14 Figure 3͑b͒ shows the PL spectrum at room temperature. The full width at half maximum ͑FWHM͒ of the spectrum, represented by the square data points, is artificially broadened by the measurement setup due to the large collection angle of the microscope objective. The solid line represents the emission with a FWHM of 7 nm, equal to the FWHM measured by a higher resolution reflectance setup. As the microcavities are heated, the liquid crystals begin to rotate, their refractive index increases, and the peak emission wavelength redshifts. The tunable bandwidth is measured to be 7 nm. Considering the 7 nm FWHM of the reflectance measurement, the microcavity has a Q factor of 200 and an extinction ratio of 10 dB is achievable in the erbium doped liquid-crystal-filled porous silicon microcavities.
The measured luminescence tuning range is smaller than the maximum tunable bandwidth 15 of 40 nm due to imperfect initial liquid crystal alignment and surface anchoring effects that inhibit the rotation of the liquid crystal molecules directly adjacent to the porous silicon walls. 13 Within the first monolayer, it is very difficult to dislodge the liquid crystal molecules. The anchoring energy decreases as a function of the liquid crystal distance from the surface. 16 A tuning bandwidth of 25 nm for liquid crystals in a modified porous silicon microcavity has been demonstrated and even larger bandwidths can be obtained by further optimization of the porous silicon morphology and the use of surface alignment agents to promote a more uniform initial liquid crystal order. 9 In this way, tunable porous silicon microcavities can enable the filtering of multiple signals propagating concurrently within the erbium emission band for wavelength division multiplexing applications. Figure 3 also shows that the most significant fraction of the PL peak shift occurs within a 10°C temperature range near the E7 phase transition temperature of 58°C. Thermal tuning of liquid crystal infiltrated porous silicon microcavities has been demonstrated with a variety of liquid crystals possessing different phase transition temperatures. 9 For example, tunable emission at 1.55 m could be achieved in a lower temperature range between 25 and 35°C, where erbium emits more efficiently, by doping 5CB liquid crystals with erbium ions.
In summary, tunable PL from erbium doped liquid crystals infiltrated into porous silicon microcavities has been demonstrated at 1.55 m by thermal actuation. Extinction ratios of 10 dB are achievable in microcavities with Q factors of 200. Further optimization of the porous silicon morphology, oxide thickness, and surface alignment agents will allow thermal tuning over a 40 nm bandwidth within the erbium emission spectrum. 
